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SUMMARY

Studies on virulent and attenuated Ricke ttsia prowazeki. Plaque—purified ,
wor king seeds of Ery r+ E s t ra in  and the P~ffr’ Breinl s t ra in  of R. prowa zek i wer e
q u a n t i t a t i v e l y characterized with respect to antibiotic resi stance , uptake charac-
teristics and intracellular growth rate. This information , applied to our standard-
i z ed sy stems , permitted us to attempt intracellular transfOrmation through predic-
table infect i on of host cells with both organ i sms and selective intracellular lysis
of the Ery r+ strain with penicillin with liberation of DNA into host cell cytoplasm
in the presence of intact Pen i

~ organ is ms.  Search for tr ansfor man ts , still  i ncomp-
lete , has not yet y ielded dua l l y  res is tant or gan isms. Sys temi c s tudies of the
prob lems have led to improved methods for detection of mutants and determination of
mutant frequencies and have opened the poss ib i l i ty  of a practica l method for’ deter-
minat ion of mutation rates. A mouse system for measuring R. prowazeki virulence
has been improved to a workable level.

R. prowazeki has been found to undergo limited multiplication in enucleated host
cells and human l ymphocytes. An external C02 source appears to be requ i red for growth.
R. mooser i was found to have a Type 2 (R. r icket ts i i  type) , spread i ng infection cycle
i n contrast to R. prowazeki. Fresh , wi ld , low-passage strains of R. prowazeki and of
R. mooser i have been isolated d i rect ly  in CE cell cultures from blood of Burundi typhus
patients and kidneys of natural ly-infected rats from Ethiopia , respective l y.

Stud ies on Spotted Fever Group r icket ts iae.  Eight establ ished prototype strains
and 7 field isolates (Pakistan , Thailand , Czechosl ovaki a , Israel) have been plaque
purified and characterized according to several new properties. All strains , except
R. akari (incomplete) possess a slime layer or capsule , exhibit a Type 2 (spreading)
infection cycle in cell cultures , are inhibi ted by doxycycline at 0.1 ~Jg/ml and for m
intracel lu lar spheroplasts in the presence of penic i l l in  G (100 ~g/ml ). Under hi ghly
standardized conditions , all strains , except R. akari and R. austra lis , form large
(‘~..1mm) plaques. R. akari and R. australis form somewhat smaller p laques. Stable
plaque s ize variants were not encountered . A method for preparing substantial quan-
tities of reasonably specific immune ascitic fluid in mice hold considerable promise.
Preliminary studies with mouse sera in the m icroagglutinat ior i test suggest that some
field isolates are related to established strains (variants wit h in a group) whereas
others appear to be very different and may constitute vali d new species.

a
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RESEARCH PROGRESS

A. Studies on Virulent and Attenuated Rlckettsia prowazeki.

1. Genetics , gen’~nie and markers. Since the “state of the art ” of
quanti tat ive methodology for genetic studies with rickettsiae is still very
pr imit ive and the inherent cha racter is t ics  of the systems pose some problems
and l i m i tat io ns , much effort this past year has been devoted to attempting to
adapt recent methodolog ica l advances in rickettsio logy to the detection and
quantitat ion of mutants and attempts to transfer DNA by transformation , both
using antibiotic resistance markers as convenient models, and the search for
virulenc e markers. Definite progress has been made , though at a rate slower
than hoped for because of certain problem s inherent in the rickettsia-host cell
system (vide infra ).

a. Characteristics of antibiotic resistant mutant strains of R.
prowazeki. In preparation for transformation experiments and other studier
(~i~~~T~Tra), large seeds of the plaque purified erythromycin resistant (Ery~~

)
mutant of the attenu~Ited E strain and of the penicillin resistant (Pen~~) mutant
of the virulent Brein i strain of R. prowazeki were prepared by growing in CE cell
cultures to an estimated late log phase of grow th.

Uptake and growth characteristics of the two seeds were carefully
determined . The quant i ta t ive  relationshi ps prev iousl y establ ished permitted (i)
the construction of simp le graphs which would permit quick reading of the
dilution of each seed required to give any des i red ~ cells infected or average
number of rickettsiae per cell with CE cells in our standard suspended cell infec-
tion system and (ii) estimate the incubation period , under our standard conditions ,
required to achieve any desired average number of rickettsiae per infected cell ,
given the average number of ricketsiae per infected cell at time of infection .
These relationships proved practically reproducible and permitted us to conduct
the intracellular transformation experiments described be l ow with the required
precision for the predictable introduct i on and manipulation of each strain in
d ua l l y infected cells. We believe that this is a substantial advance in quanti-
tative methodology for rickettsiae and fully justifies the tedious antecedent
studies of basic ricketts ia—host cell interactions which laid the foundations for
th i s .

Fu l l  sca le  p laque reduction tests were performed with penicillin G
and erythromycin for both the Pen~~ and the Ery ~+ s tra i ns.  Tabl e 1 records
the results. The M IC for penicillin G was found to be 20 pgfml for the Ery ’~
strain , s i m i l a r  to the w i l d  Bre i n l s t ra i n f rom whi ch the Penr+ strain was
der i v ed , and 600 p~/ml for the Penr4~ strain. The MIC for erythrom~ci n was 0.03
pg/nil for the Pen’S strain and greater than 100 pg/ni l for the Ery r s t rai n .
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Figure 1. Plaque—reduction sensitivities of the penicillin resistant Breinl
strain and the erythromycin resistant E strain of R. prowazeki
to penicillin G and erythromycin.
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3
Figure 2. Suspended cell dose-response uptake kinetics of working seeds of the

Pen~
+ Brein l strain and the Ery~~ E strain of R. prowazeki. These

relationships pe rmit one to select the appropriate dilution of seed
to obtain any desired N (average number of rickettsiae per cell) with
each strain. Since , within limits , the two strains behave indepen-
dently in mixtures , it is possible to infect host cells with both
strains in desired proportions. A similar graph was constructed in

• which percent cel ls infected could be pre-selected under standard
cond i t i ons .
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Figure 3. Growth kinetics of pen~~ Breinl strain and Ery~~ E s t r a i n  of
R. prowazek! in checken embryo cells. Growth of the two strains
was indistinguishable. Knowing the average number of each rickett sia
per cell (See Fig. 2), it is possib le to deter llli ne the incubation
time necessary to achieve a desired intracellular populatio n o
each strain. Each control of the system is necessary to perfo m
precise experiments on intr acellu lar transformation.

Pooled Growth Curve for ~~prowozeki ( i )8 reint Pen~ Seed c
.(2)E Strain EryR Seed c (normalized t o N 1 (0) o i )

6
CE Cells Cx — irrodioted )

Dulbecco’s X 1/2 ( +0.I°/o Qiucose)

T o 3 2 °C

‘Ct-
4

_•47  ,.
, _,

/ - -
~

I’ ,/ 

+1 //
2 -

,
, 

-

0• _4

,- • 442 /
/ :~

-

•••‘

iog~ N1 —0357 + 0094t

./
‘
. .-

‘ r~ 0 993

~ 1— 
f g 10Th iUQ r 3  RQh

_L________ I ~- . ~~I _____
~~~L L_~~ _ _ _ 1

o 10 20 30 40 50 60
lncabotioi, Time (h)

iO9z \N~(0) /EO.357

0094 N.10~ 0 obS,rned A~ No RLB/ InIe cted Cel l

N,111 d ,n,~ -j An Il, RLB/ I n fecte d Cel l

, 0  Cr3 to

between 4 4 4f3 fl

-- ~~~~--- ,--- -  
- - - - - - _



5

Table 1 . Some properties of antibiotic resistant mutants of R. prowazeki.

R. prowzeki
PenR+ Brein l Ery R+ E Strain

Minima l inhibitor y Conc.
Penicillin G (pg/mf) 600 20
Erythromycin (pg/mi) 0.03 >100

Mutant Frequency for
Resistance t’~

Penc il l i n G (100 pg/nil) 
—6Erythromycin (1.0 pg/mI) 10

In order to be able to discriminate between spontaneou s mutation and trans-
formation in experiments described below , it is essential to have knowled ge of
the frequency of mutants resistant to the other antibiotic for each of the resi~-
tant strains. Neither strain showed a mutant frequency greater than lO~~ 

-

(Table 1), the limit of the direct method (vide infra for description of methods
and problems).

b. Methods for detecting and qu antitat inq R. prowazeki mutants.

The capacity to detect mutants and to quantit ate mutant frequencies and mutation
rates is essential to the study of genetic phenomen a in rickettsiae. We have
chosen our standard CE cell plaque system and antibiotic resistance markers as a
convenient and useful model amenable to quantitat ion for exploring - methods and
have emp loyed the parent Pen~~ Ery~~ Dox and the mutant Pen~~ Ery~~ Dox

1
~ lines

of the virulent Brein i strain and the Pen~~ EryR+ Dox~~ mutant of the attenuated
E strain of R. prowazeki in a variety of experiments. We have ascertained that
there are certain inherent limits in this system , detected certain as yet not
fully exp lained problems and dev i sed coniproniise methods to circumvent some of the
limitations.

The confluent CE cell nionolayers in 60 mm petri dishes employed for
plaquing contain about 107 cells. With ordinary overlay, 2-3 x 102 discrete
plaques can be formed but as the number of PFU approaches 5 x 102 to io3 , the
monolayers show confluent l ysis. When increasing numbers of PFIJ of a sensitive
strain are introduced into plates with an overlay tha t contains 100 pg/mi peni-
c i l l i n  G , which is several fold the MIC and comp letely inhibits ricketts ial growth
and is relative l y non-toxic for the host cells , up to io5 PFU , enouqh to infect
l~ of the hos t ce l l s , can often be introduced into a p late without cell ly sis ,
though even under these conditions some lysis does occur from time to time. At
inputs of iO6 PFU or greater , lysis of the nionolaycrs occurs regularl y .  I f  1 .0
pg/nil doxycyc line (10-fold the MIC) , which does not lyse host cells alone , is
substituted for penici l lin , l ysis of cell sheets sometiniec occurs at r i cke tt s ial
inputs of 103 to 1014 PFU per plate. The reasons for this are not known , but it
is obvious tha t mutant frequencies of less than 10 5at best , and in sonic instances

- - —  —.—------ . - -- —---— — - - - - - - -—--.- - -- -------~---— --—-- - - • - - -  
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less than 10’~ cannot be detected and qu antitated - seriousl y l i miting this
potentiall y powerfu l tool. Furthermore , when doxycyc i m e  concentrations onl y
2-3 x the M IC were emp loyed , small numbers of plaques were not detected with
large inputs as anticipated , suggesting tha t there may be some non-antibiotic
inhibition of plaque format ion.

More recent experiments with doxycyc line have been somewhat more
successful. Although lysis of cell sheets remains a problem , some more sat is—
factory experiments have been performed at high ricket tsia l i nputs and what
appea r to be faint , very small plaques have been observed at a concentration
of doxycycline of 1.0 pg/mi (10 times the M IC) with a frequency bett~’.en 104
and io 5 . I f , on p icking , amp lif y ing and characterizing, these “p laques”
are indeed caused by doxycyciine resistant R. prowazeki, the pr~ct ica J impli-
cations are enormous because , as we have previousl y reported , conditions con-
ducive to selection of doxycyc line resistant strains of R . prowazeki in
“nature” exist in the African scene (see Am. J. Ep idemfo l . 9ff: 262-282, 1973)
a doxycyc line resistant mutant frequency of 1O-~ or 10-5 in a louse with 108 +
organisms ingesting doxycyc line - containing blood ! There are reasons , howe’,er,
to proceed with raution until definitive experiments have been done to confo.m this
very prelimir iry observation. The “p laques ” are atypical; even though we u - -~
SPAFAS eggs for these studies , we have previousl y encountered extraneous “~~aques”
in this system and have , from conventiona l eggs , isolated a doxycycline-resista r~~,
non—rickettsial small plaque-forming bacillus that stains with Gimenez strain , etc.
So , until we can isolate these “p laque-forming ” agents and demonstrate them to be
doxycyc line-res istant R. prowazeki, we cannot be absolute l y certain that we have
demonstrated a hig h frequency of doxycycline resistant mutants.

Using the Penicillin — Erythromycin systems , experiments were per-
formed to determine if a sma ll number of resistant organisms could be detected
in the presence of a large number of sensitive organisms . Thus , when approx i-
matel y 20 PFU of the PenR+ Ery R DoxR Breir i l strain mutants were introduced into
p laque dishes in a mixture with about 105 PFU of the PenR’ EryR+ DoxR’ E strain
mutant under an agarose overlay containing 100 pg/ml penicillin G , very nearl y
the expected PenR’f plaques were detected . When the ratios of the strains were
reversed ari d 1.0 pg/mi erythromycin was included in the overlay , about half the
expected number of Ery R+ plaques were detected .

Thus , in the Pen-Ery system , a small number of resistant PFU can be
detected in the presence of up to 105 sensitive PFU. No exp 1anat ion~ however ,
is at hand yet to explain why l ysis occurs with an input of about lob PFU when
this represents infection of onl y 10~ of the available CE cel ls with non-rep li-
cating organisms. These studies do substantiate the view that n the Pen and
Ery systems , mutant frequencies as low as io’ 5 can he detected . However , since
mutant frequencies in bacteria are often between ~~~ and io 9, or l ower , the
l0~~ lim i t is a severe restriction .

One method for possibly circumventing the 1O~~ limit  in non-toxic
systems as Pen and hi gher limits as in Dox is currently under investig ation.
Althoug h it enta~ ls a substantial loss in qua ntit ative precision , its sensitivity
may approach 10 . It involves introduc i ng up to iO~ infected cells into a p lat e 

-~~~~~- -~~~ - - - ---- 
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with the usual 1O 7 uninfected ce l ls , allowing the r i cke t t s ia  to grow uninhibited
to nea r t he end of the f i r s t  infect ion cycle when each ce l l  shou ld  hav e as many
as 1O~ organ isms , making the total number of organisms in the plate approach 108
in l O~ discrete bund les , and then adding the antibiotic or other selective agent.
Some prel iminary experiments suggest that this method is feasible and will yield
discre te plaques.

The delayed addition of antibiotic described above would no longer be
a method for s t r i c t  measurement of mutant frequency, since any excess resistant
plaques would have had to arise by mutation during rickettsial grow th. Ind eed ,
the method may turn out to be better adapted for the measuremen t of mutation rate.
Thus , althoug h the deve lopment of methodology has been slow and beset with limi-
tations on sensitivity and with a number of technical problems , steady improve-
ment is occurring and systems workable within certain limits are evolving so that
phenomena of both basic and very pract ical  importance can be stud i ed quantitative l y.

c. Attempts to induce intracellular transformation. in these studies ,
CE hells dually infected with both the Pen~~ Ery~~ E stra in mutant and the Pen~~Ery + Breini st ra in mutant were incubated until the rickettsial populations had
ttained the desired l evels. Then 100 ~g/m1 penicillin G was added to induce
unstable spheroplast formation in the PenR Ery R+ E strain mutant with liberation
of its DNA in the host cel l  cytoplasm in the presence of intact PenR+ Ery R
r i ckett s fae .  Fi na l l y, erythromycin (1.0 pg/mI) was added to a l low only trans-
formed PenR+ Ery R+ Bre inl strain rickettsiae , if present , to grow. These studies
require an extraordinary amount of quantitat ive predictabi lity on production of
dually infected cells , growth rates of the two s t ra ins , kinetics of spheroplast
formation and disruption and capac i ty  to detect dually resistant  transformed
mutants. However , the systems and basic information have been worked out pre-
v iously (ear l ie r  reports and (a) and (b) above) and microscopic examination of
paral le l  slide chamber cultures subjected simu l taneously to the same sequence of
mani pulations ind i cated tha t we can , and have on several occasions , achieved the
desired intracellular manipulations of the two strains in dually infected cells
with the production of unstable spheroplasts in cells also containing intact PenR+

organ isms.

Two systems have been used to carry  out these manipulations and to
search for transforinants. Both systems beg in with the production of ce l ls
infected with both strains in the suspended cell system.’ The ~ cells infected
and average number of infected cells are determined . (i) The first system
consists of introducing the infected cells into ti s~ 1le culture flasks under
fluid med i um , incubating them until the desired int race l lul ar population ’; h ave been
attained , adding the penicillin to the fluid overlay, incubating until a high pro—
port ion of the re su 1 t In spheropl as t s have di s r (Ipt ccl arId then adding cryt bromyc in
Further incubation should allow duall y resist ant transform iti ts to g row. Then th~’
cel l s ar c harv es ted , disrupted and a ‘‘seed’’ is prepare d . liii s ma terial is
examined directly and after further ani J )lifi catio r I in cell cultur es cont aininq
bo th pen i c i i i  in arid cry t hroiiiyc in for du~ 11 y re si t ant t ran s Iormai t ‘ by p 1 aqu i riq
under agarose overlay con ta in irtç ~ pen c ii ii n , eryt liromyc in or bot Ii pen i ci i 11 n
eryt hrornyciri .

~ 

---- - -~~~ - ----- - -- - - .~~~~~~~. - -~~~- - -~~~~ -- --- _ _ _
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/ i i )  The second nsethocl is cc~rr i c’d out er,t i rel y in p )astft pe t r
dishes. About 10’ duall y infected cells are intro ’Juccd iri to a petri dish with
10/ un in Icctcd CE cells and a non-- i nh ibi tory agurose overlay is added . Af te r
incubation to permit rick et ts ial growths , a penicillin overlay is added , Followee
by furthu, jncul)at b a  to allow splierop last format ion arid disrupt ion . Thor, cry—
throniyc in is added and the plates are I ncubat ccl for p1 ac1uc—fornsa t ion . A p1 aque
should form at the site of any cell in which transformation with~ dual resistance
has taken place in at least one rickcttsia. Plaques are counted , p i ck ed , ampli-
fied and tested for antibiotic resistance cha racteristics.

Several experiments ‘ave been carried out in which th e desired intra-
cellular events have taken place. We are now in the ted i ous process of examining
the rickettsiae from these experiments for doubly resistant organisms. To date
we have not found evidence for transformation but the examination of progeny is far
from complete.

d. Tests for virulence . Ultimate l y, we intend to examine tise E
strain for stabi lity of its attenuation to determine the risk of virulent back—
mutation , making use of the princip les establish ed with the antibiotic models.
A conven i ent laboratory correlate of virulence is essent ial to such a study.
Extensive survey of Isosi. cells has failed to reveal one which shows the cap~ :ty
to discriminate between viru lent and attenuated R. prowazeki , except the curnber-
some in vitro human macrophage system previous ly described. According ly we have
r ef i ned  the prev i ousl y known mouse system , which makes use of differences between
the attenuated E strain and the Viru lent Br cirs l str ain to induce antitoxic i mmun ity
following intraper toncia l i noculation . Thus, by titration - toxic back-challenge
methods , it is possiblc to determine the number of PFIJ of each rickettsi al strain
i n 1 toxi c PD ç0 dose. The number of viru lent Brci.n l st ra in  PF U in one toxi c PD50
dose was founa to be of the order of 102.11 whereas , with the attenuated E strain ,
it was approximately 105.3. Thus, it requires approximatel y 1 ,000 times as many
PEt! of the I strain as of the Breinl strain to protect 5O~ of the mice against 2
toxic 

~~~~ 
This difference is sufficient l y large to serve as a useful correlate

of virulence . Though somewhat cumbersome , it should allow us to ach i eve our objec-
t i ves.

e. The genome of R. prowazeki. The studies described above have required

such a large proportion of the laboratory effort tha t very little progress isas
been made in the past few months on the characterization of the R. prowa?eki gcnorne.
However , usinq ethid iu rn bromide and ti-se “DAPI” reagent , and cxar flini rsçj under the
fluorescence microscope it has been poss ible to stain an intracellular structure
within the rickett sirs e which resembles that descr hed as the nucleold by others for
bacteria. The size is small , near ti-se limfls of the opti al microscop e .

2. Bbo~og~~o typhus roup rick rtt siae . L i m iter ! studies have conti-
nued on the biology of the typhus r I eket t sI dP 111 tIe’ I r ho st ((‘11 i lIt ’ r0 l  t ions. Itie
capac 1 t y of R. prowaieki to undergo ii m i  t ed mu ) t i p h cat ion in enuc he at ed CF. and t
cells suggc’.ts that the host cell nuc li’ii’ 0 need r,.r t be cont intjaie, ly present for
m t  racytophasmic growth . R. prowci i i is v. been ~ h,s . s to h e  ~rlI 1 to I ,1fc~ t and grow
in human periphe ral I ymphocy d’s in cu 1 III e . S m i -  cvi deuce i arc t nsi ; l  hat I nq to
ind i cate tha t R. prowa/ctd requi es an ex t e r i l ro ~ i i of CO~ for growth. Smi rp r I—
Si 119 1 y, R. 1110 en h a s  hic’en found to cxli i b i t  a s~ r, ,d 1 rim , t ypc’ 7 • Infect ion cyci m ’
s i m i l a r  to t isa t of the spot ted fev er group icke t ‘- lar (‘nec ’ ‘.e t lort on SF group
rickettsnae )
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Significantly, R. prowazeki has been isolated from acute phase human
blood (Burundi typhus patients) by plating dir ec t ly onto CE monolayers and ex—
am in ing for plaques. Plaques have been picked and are being established as freshl y
isol~~te~ wild virulent strains of low passage l evel.

Some progress has been made towards growing R. prowazeki in high
density (108 cells/ml ) CE suspended cell cultures. Refinements are necessary to
develop the method to a practical reliable method but the prospects seem reason-
abl y prornisi ag that this may permit us to produce substantial quantities of cell
culture-grown R. prowazeki in any desired growth phase.

B. Studies on Spotted Fever Group Ricktts iae. Spotted fever group ricket-

-
~ sial isolates from Pakistan , Thailand , Czechoslovakia and Israel were compared

with established species in a systematic study emp loying new information on
ultrastructure , growth cycle , serology and antibiotic sensit ivity in order (1)
to establish group characteristics ar,d (2) to identif y species characteristics.

1. St rai ns and plague purification. Strains selected for detailed
study are listed in Table 2, although some studies were carried out with add i-
tiona l Pakistan isolates. The strains selected for detailed stud y represent
all of the variants detected in previous studies . Because (1) of the
previous demor~st’ration of large numbers of extraneous agents in most egg seeds
of SF group strains and (2) the possibility that field isolates , especiall y
from ppols of ticks , might represent mixtures of SF rickettsial strains , al l
strains selected for detailed study, including the strains of established
reference organisms , were plaque—purified . This consisted of 3 serial plaque
isolations in SPAFAS derived CE cell monolayers Followed by (1) amplification
and seed production in CE cells (SPAFAS), (2) production of L—929 cell seed and
(3) production of yolk sac seed in SPAFAS eggs. All studies on plaque and
growth characteristics , antibiotic sensitivity and slime layer production , as
well as production of antisera , were performed with the p laque-purified strains.
Because of the enormous amount of time invo l ved in p laque purification and seed
production , some of the preliminary serological studies reported below employed
antigens alread y on hand which had been prepared from yolk sacs which had been
inoculated with the conventional seeds prior to the time tha t plaque purified
seeds were available. Final studies will be done exclusivel y with reagents pre-
pared from p laque-purified seeds.

2. S lime layer or capsule on SF group st ra ins.  Fol lowing init ial demon—
strat ion of a substantial layer exterior to the cell envelope in R. prowazeki
which was removed by usua l laboratory manipulation but which could be preserved
to vary ing degrees by gent le rupture of infected ce l l s  jr s the presence of specific
immune serum , it was demonstrated that R. r i c k e t t s i i  had a similar slime layer.
Accordingly,  a ll of the SF s t ra ins  selected for de ta i led  study were examined for
the presence of a similar structure. The results to date are summarized in Table 3.
All strains (13) on which satisfactory observations have been made show this struc-
ture. Observations on 3 strains arc not adequate because of technical problems
which can be resolved . However , there is some question about R. akari , but even
here , it is possible that the stabilizing antiserum was of insufficient potency.
Althoug h not complete , these studies show tha t most SF strains , both prototype
and recent isolates , e laborate an eas i l y lost s l ime layer of ant igenic ma te r i a l
external to the cell envelope.
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Table 2 Spotte d Feve r Group flir .ke tts ae l:mn ;iho1~d irs Current St re!y.

Plaqu e
Organism Strain purif ied Comment

IL rickcttsii Sheila Smith +

R. conorl Casablanca +

Indian TT +

IL sibiri ca 2~ G +

FL sibirica tletz +

IL australis Phi ll ips +

K. akari Hartfo rd +

IL parkers C . 4.

Pak 3358 + IL s birca - lIke 1yp~ I

Pak JC (
~5 + 11. sibi rica - like lype 2

Pak j~ ~i80 + R. coflori — l ike

Pak JD 112 + put ative new species

Thai IT + putat ive new species

Czec 11 + putative new species

Israel IT— I + putative n~’tw SpCCiC~

1 ~~~~~~~~~~~ ~ 
-

_ _ _ _ _ _ _
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3. Plaque cha rac te r i s t i c s .  Ear ly  st ud ic ’ n  by ot hers w i th ,  one or
two SF r i ckct ts i me m i  cated that these SF group organism s produced 1 arger p ’l aques
mor e r ap i d ly in CE ce l ls  tha n r ic k e t t s i .c  of t ime typhus , s(.rub typ hiti s or Q fever
g roups. ~i i thou t aclequat e docuimm en tat i 0mm mmmc l wi thou t the use of p1 aqUc pur if led
materia ls , it has been sugrjcsted that this may be a group clsara ctcrist c. If
ver i f ied, t li is phenomenon may have cons iderc~mhl e practical app) i cat ion . According ly,
a sys temat ic  stud y of SF g r o u p  plaque characteristics was performed.

a. Selection of_standard conditions for plaque-formation .
Us ng R. rickettsii as the SF g roup prototype and pr imary CL ce l ls (SI’AF!tST in 60 mm
plast ic  petri  dishes w i th  5~ 

feta l calf serum in hal f-str c1mcjth Du l becco’s mediu m
w ith aqarose as overlay med i um , 32 C incubation temperature clfld l a 5~ CO2 — 95F� air
atmosp here , pre liminary studies were performed to es tab l ish  s t a ndard  condi t ions
for comparison of strains. Plaques were counted 2’t Is a f te r  addi t ion a the neutral
red aqarose med ium overlay. Plaques could not be Ident if ied prior to 5 days af t er
inoculation. (At about th is  time , plaques not visible by direct lighting could be
detected by ob )iqu c— quas i— darkf ield—l i ghting .) Both number arid s ize of plaques
in creased rapidly from 5 to 7 days af ter  inoculat ion a f te r  which the rate of change
rap i d l y  decline , though size continue’! ~~ increase som::what through 9—1 0 days. The
standard t ime for con~pari son was chosen as 7 days af te r  inoc ulat ion . (Plaque s ize
WaS (let prim’ 1 ned by measuremvrm t ol photographs of the p1 aques t akeim at. t he cics i red
time.)

b. Plaque characteristiCS of SF group strains unde r standard
condit tons. When time plaque stze o(ihe li’s p1 aque pu r i f i e d  ~~~~~~~~~~~~~~~~~~~~~
under the establ is hed standard conditions , it was fousid that most strains produced
plaques between abou t 1.0 and 1.2 mm in diameter. Large plaque s ize indeed appears
to be a C ha rac te r is t i c  of most SF group strains. Two strains , hot.,ever , prod uc ed
plaques which were smal ler than the plaques of s t hc: r SF group strains — viz. , K.

~~~ 
and R. au’ntraf ls.  When incubated longer than the standard 7 days , the sIze

of the plaques continued to increase and approached that of the ref e rence R.
r i c k ett s i i  whos e p laque size was approaching a p la tcat i  during t imi  s interva l (Table 3)
It is possible that this de l ay in p laque size may be a function of a lag phase
peculiar to the particular seed s emp loyed.

Thu s, t he major i ty of the SF group st rains do indeed produce
large plaques at 7 days and this approaches a group c h a r a c t e r i s t i c .  h owever , if
t he smaller s ize or t Ii~ plaq ues of R. aku r and R. aust r a l is  is confirmed , t h i s  ~iay
constitute a clue to both differences of practic a l and basic biolo g ic- s gn if ie.mn r c- .

c. Search for p 1ac~ue— siie vari ant s . Examin ation of di ~, ) - .
containing plaques of diff erent SF group strai n ’. revealed a range of p la c pis’ si ~e
from snia h 1 to very large . iwo al ternat ive cxp l ; r a t  ions are poss i He : (1) p1 ~ir pR•
s ize has a cont ir,uous ranqct of (list r i bri lion bett- ru widc’ lim i t  or (2) Sponit~ssu ~-o u.
plaque s ize va r ian ts  cx i st in the seed’.. P1 aque Si ? c’  ha’ . pro~’t ni to he’ a very m iselu 1
marke r, soviet imne’. associate! with r i m  jo r  d i f f e r e n c e s  iii biol og i ca l propert ic ’s , um neul (J

vi ruse~.. h ence , i t  was of bo~Is prcict i c a l  and t }ic’oret i al import ancc to det c im i  ii~
if true plaque S lie variant s ((nhld be iclcm ’i t if i . ’d a.~nsssq SI group rieke t I s i , i e .

Pre l m u m m iFy ~r mi ly’ . IS , not yet c omp le t e , of dal i s ’e jqc t ‘n tha t
we have riot yet id en i t i f ie,! ~ilaqtR’ s u e  i tmu t au t s. I I rst , hi t og i aw ’ . of s u e  di st riI ’t ,’
t ion t eV ea l  only a ~~~ l s e j l m - c - i e .  1t I nm~ dal di st r 1 h~ t ion c (mrv ( ’. have riot ~~ imts ii
i dent t ii I d . Second) y , I hm ~ di s I t  I htm t lo ss of id a :~ ~~~ 

i s V  or t li t ’ pm o~~~;iy 0! 1 u;1t ’ ’ . of
n c I et t  S l a v  frc~mt lar ge m u d  ‘ m ~ l l  p 1aqtm- -~ mpp r ov !i that of t i le  pa ren t  ‘ n t  t a i l s  ~m n i l dci
not y ie ld t r u e  l , reed I rig 1 1 ne . of sri,,i J 1 at i ct  l a m  c; p 1 .tqulv vat Li m it s

--- — --



— ‘
~~~~

‘
~~~ — ——-~~

‘ ‘
~~~~~~~~~~~ ~~ ~~

_
~~~~~~~~~~~~~ _

‘ _ ‘ _ -
‘~~~~~~~~~

12
Tab le 3 . Summary of Som e Propert I PS of Spat ted I’evem- Group Ki cI:ct ts i  ; :-~ ..
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Growth Ci ri ra ct er ist ic s 
- 

Antib iotic Action
Capsule ! 

—

Plaque Infect. GeneTation ~ Plaque~ Spheroplast
Organ i sm Slime Size Cycle u ric9 Reduction formations

. (mm) Type3 (n) Doxyc.jc.k~tc) (Pen c)
- Layer 

‘ 
(0.1 ~ig/ml ) 

V

R. ricke ttsi j
Tss) + 1.09 2 10 100 •1~

R. canon + 1.09 2 15 100 +

Indian TI + 1.22 2 9. 8 100 +

R. sib iri ca
T21t6J~~ + 0.95 2 1Z ~ 100 +

R. s ib i r i c a
Tfietz~) 

— t’1.t ~. 1.21 2 9. ti / d~P .

R. austra lis  + 0.66 2 8.5 100 +

R. akari
ill ‘r~i~ Inc. 0.83 2 9.2 - 100 +
fLir t ford
1’. psrk’~r~ + 1.25 2 11.5 100 +

Pak 3358 + (l.3’m ) 2 11. , ) b C )  +

Pak JC 65 + 1.19 2 8.3 100 +

Pak JC 1i80 + 1.06 2 13.5 100 +

Pak JD 112 + 1.22 2 15. 6 100 +

Thai TI + 1.00 2 12.7 100 +

Czec I) + 1. 22 2 10. 2 100 +

Isr ael i TT-l 1.08 2 12. 2 100 +

R. pm ’owazek I
Ti~r~T~~~~~ + 1 10.7 100 +

P.. p r c c i a t e~’. I
+ 1 10.7 100

L. rinoseri
•(

~.-:j ’i~ci~~’I~~ ) hi. D. 2 9.8 U. 1). ii. I).

R. car , m’ t~ m hi. I). Ii. t )• hI. 1). ii . 1). H .0.

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FOOTNOTES TO TABLE 3

Electro ns nimicr ’oscopc ex ar i i ina t i on t  of ultrath I ni sec t orl s of orcjanisris ~jro~-,tm in
CE cells and gently rclcased with iru.i~uno 1og ical  s t a b i l i za t i o n  of s l i m e  layer.

2. In CE ce l ls  at 32 C.

3. Infect ion cycle type. Type 1 -
~ R. prow L - type of infect ion cycle.

Type 2 spreading R. rickettsii type o infection cycle.

i. For spotted fever group ricketts iae and It. 0 , g was calculated from
average no. rickettsiae per cell. Because of abberatiot-i s introduced by
sprea(lsng type of infection , the val ues arc probably si gnificantl y greater
than true division t u n e. V

5. Per cent plaque reduct on in presence of 0.1 pg/mi doxycycline .

6. Microscopic evidence of spherop l ast formation at 100 and 500 pg/mI penici llin
C at It and 2!, h.

_ _ _  ~~~~~~~ -~~~ - - -  — -~~
V
~~~~~~- — -_ - - ---~~~~~~~~~
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Figure 4. Plaque-reduction curve of R. rickettsii (Sheila Smith strain )
wi th doxycycline .
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4. Infectio n-i cycle studies. In con t rast to the infect ion cycle
described for R. prowazeki (2b) in which rickettsiae upon entering into host cell
cytop lasm multi plied without significant escape until the host cell became packed
with rickettsiae and broke down , R. rick etts ii was found to begin to escape from
the infected hos t cel l  very soon af ter infect ion , causing a rap i d l y spreading
infection (2c). R. ~rowzeki thus exhibited a unidirectional passage through host
cell plasma membrane , from outside in , whereas R. ricketts ii exhibited bidirectiona l
passage — i.e., from outside in and from inside out. It also had the capacity, on
occasion , to penetrate into the host cell nucleus. The infection cycle and type
of infection in cell cultures , thus , show marked differences between R. prowazeki
and R. rickettsii, which probabl y reflect differences in capacity to interact with
different components in the outer and inner surfaces of the host cell plasma mem-
brane. This is probably of very great basic significance. For convenience , we
have designated the infection cycle exhibited by R. prowazeki as Type 1 and that by
R. rickettsi i as Type 2.

We examined the infection cycle of the other members of the SF
groups selected for detailed study to determine if the Type 2 infection cycle is
a group characteristic. This was found to be the case (see Table 3). Thus , all
SF group rickettsiae stud i ed show the spreading type of infection . With the early
escape of organ i sms from infected cells , calculation of accurate generation times
is imposs i bl e. However , by using average number of rickettsi ae per cell instead
of per infected cell , an approx i mation representing an upper limit is possible and
appears to be in the range of 10-12 hours for most of the organisms. This is not
much different from 9-10 h measured for R. prowazeki, especially since it errs on
the longside .

Ultrastructura l studies of infected cells , in progress , show that
R. rickettsii seems to have an unique action on intracellular membrane structures
probably endoplasmic reticulum , not seen in cells similarly infected with R. prowa-
zeki. It is not yet known if other members of the SF group cause similar changes
in endoplasmic reticulum of host cells.

Although Type 2 infection cycle seems to be a characteristic of
all SF group rickettsiae stud i ed to date , Type 1 infection cycle is no t a character- V

ist ic of the entire typhus group. Preliminary studies with R. mooseri (Wilmington
strain) indicates that it exhibits a Type 2 infect i on cycle TTable 3). Recent ,
wild isolates of R. prowazeki and R. mooseni are being prepa red to see if Type 1
is unique to R. prowazeki.

5. Sensitivity to antibiotics. A full-scale p laque reduction
determination of the sens itivity of R. ni ckettsii to doxycycline revealed a curve
similar to that of R. prowazeki w i th  a s imi lar  MIC of ~O.1 pg/mi. All strains
showed comp lete suppression of plaque formation at this concentration (Table 3).

— In previous studies , it was shown that penicillin 6 at concentra-
tion >20 pg/ml caused the intracellular format ion of unstable spheroplasts in R.
prowazeki. This implied certain synthetic processes in cell envelope formation and
has provided a means for liberating rickettsia i DNA within host cells as well as
l iberat ing DNA for electron microscopy and other studies on genonle. Accord i ng l y,
the SF group strains were screened for intracellular spheroplast formatio n-i in the
presence of 100 and 500 pg/mI penicillin 6. All strains produced sphcropla sts
(Table 3).

_ _ _  _ _ _ _ _  _ _ _ _  -- - - - ~~~‘—
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6. Serolog i cal studies of SF group strains. The t raditional
means for separating SF group strains into species has been immunological-serolo-
gical differences and differences in cross—protection in vaccinated guinea pigs.
Until recently, the cumbersome toxin neutralization test has been the most reliab le
serolog i ca l test for speciation . More recently, nsicroagg lutin ation and ind irect
fluroescent antibod y tests have shown some p romise. Accordingly, we have begun to
re-examine the Pakistan , Tha i , Czcchoslovakian and Israel i isolates by these tech-
niques to help gain additiona l information which might permit us to determine which
strains are (1) essentiall y the same as existing prototypes , (2) similar to , but
significantly different from , prototype strains (? variants of prototype strains)
or (3) sufficiently diffe ent from prototype strains to be candidates for new species.
Two of these strains , the Czechoslovakian D and the Israeli TI have alread y been pro-
posed as new species by the investi gators who isolated them on the basis of very limited ,
probably inadequate , serologica l data.

Antisera to the different SF strains were prepa red initially by
a modification of the method of Burgdorfer et al . Thus , between 5 x lO~ and lO~ PFU V

of an L-cell seed of p laque-purified organisms were i noculated intravenously into
white mice which were bled for serum 10 days later. Because of the small serum y ields
from mice , recently we have begun to prepare immune ascitic fluid in mice. Initially,
we tried to produce ascites by the Sarcoma 180-16 technique but found that the require-
ment of i noculating mice with rickettsiae 10 days prior to harvesting ascitic fluid
presented several serious problems. Accor dinlgy, we produced ascites by i .p. inj ec-
tion of Fruend ’s adjuvant and then , when ascites were nearing the desired l eve l ,
i noculated the live rickettsiae I.V. and tapped ascitic fluid beginning 10 days after
infection . This produced from a few mice large quantities of immune fluid with honio-
l ogous MA and FA titers similar to those of the serum . Very preliminary studies
suggest tha t specificity is at least as good as tha t of mouse serum. We are now in
the process of preparing good working quantities of immune ascit ic fluid with al l of
the SF strains selected for intensive stud y (Table 2).

Preliminary MA studies were performed with immune noise serum,
some with inadequate homologous titers , and MA antigens prepa red from yolk sacs on
hand which had been i noculated with SF rickettsiae that had not yet been plaque puri-
fied (Table 4). There are admitted deficiencies in these preliminary studies. Thus ,
the antigens may have contained substantial quantitites of extraneous agents (des-
cribed in previous reports) and the titers of some of the sera were very low. Never-
theless , the recognized prototype species (Table 2) are reasonably well differentiated
from one anothe r , as has been the case with previous toxin neutralization tests. Also ,
consistent with the results of previous toxin neutralization tests , Pak JD—ll2 and
Thai IT are c lear ly  di f ferent iated from the prototype species and other recent isolates.
Thus , evidence is building up to suggest that these two isolates represent two new
species of the spotted fever group according to serolog ica l criteria.
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Table 1~ Pre 11 r.,i nary Resul ts with tIA Test on In terre lat Io nsh ips  of sr 6roup St ra ins .
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K. r i cke tts ii 

- 

32 <2 <2 2 < 2 <2 <2 <2 <2 <2 4 16 <2 <2

K. parkeri 2 E~~1~~
2 2 <2 2 32 8 2 14 14 8 2 <2

R. australis 16 <2 128 4 <2 32 16 8 14 8 8 16 2 <2

R. akar 2 2 <2 16~~j <2 <2 16 14 2 4 2 2 <2 -<2

Pak JD 112 32 <2 <2 <2 32 64 16 16 32 16 32 16 <2

Thai IT 2 <2 <2 2 <2 1 6?, 8 8 14 14 8 8 Ii <2
I~— I - l

R. conan <2 16 <2 <2 <2 <2 f 512 <2 <2 128 <2 <2 <2 < V

Indian TI 8 <2 <2 16 <2 8 256 [~~ 
16 16 8 16 16 <2

PaL JC 1480 It <2 <2 16 <2 <2 ‘ 8 16 16 8 : 14 8 14 -<2

Israe l IT— I 2 <2 <2 Ii <2 16 3 . 32 4 61 2 32 S <2

P.. s ib i rica  16 4 <2 <2 32 16 32 16 16 32~~~~~~~[32 32 42

Czec D <2 <2 <2 <2 14 14 16 8 2 <2 <2 1L L  <2

Pak JC 65 <2 <2 <2 <2 <2 <2 8 <2 <2 2 <2 8 j 16 <2

Pak 3358 2 <2 <2 2 <2 14 16 8 8 Ii 8 8 i~ 32

1. Produced by IV inoculation of 10
k’ — 10~ PFU of 1-cell seeds of plaque pur i f ied

strains.

2. Prepared from yolk sacs Infected ~-d th non—p la~ tm~’ pur l fed s t ra i ns .
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The others are more complex (Table 14). Only tentative , limited
conclusions are possible at this time . On the basis of previous toxin neutrali-
zation tests , Pak JC-65 , Pak 3358 and Czec D strains were found to be related to
Soviet strains of R. s i birica. However , while Pak 3358 appeared closely related
to, or identical with , Soviet strains by toxin neut , Pak JC 65 and Czec D (and
Czec B) strains were very sim i lar to each other but exhibited only a 1-way cross
reaction with Soviet strains and Pak 3358. These prelimina ry MA tests , with
unfortunately low titered sera , confirm the close relationship between Pak JC 65
and Czec D and their difference from Soviet strains and Pak 3358. They do not
confirm yet the close rela tionshi p between the Soviet strains and Pak 3358.

Similarly, Indian TT and Pak JC 480 have been found in previous
studies to be related to R. cononi but on the basis of vaccination-cross challenge
studies ,Elisberg et al . found differences between prototype R. conan and Indian
TI, confirmed by the presen t preliminary MA tests. Likewise , the Israel i TI— i is
similar but different.

It is possible that we are encountering strain variation in R. sibirica
and R. conori comp l exes. But it is also possible that the differences are great
enough to warrant separate des ignation as species , as has been applied in the SF
group. Further studies emp l oy ing different techniques with reagents prepared from
plaque purified strains will be required to settle these problems. Thc results
have (1) basic biolog i cal , (2) epidemiolog ica l , ecol ogica l and zoogeographical
and (3) practical preventive and diagnostic imp lications. It is possible tha t
there has been strain variation among major complexes (such as the putative R.
conori and R. sib irica complexes) in different geographic reg ions where different
vertebrate and arthropod hosts have exerted different selective conditions. Answers
to this question would shed much light on the evolution of SF q roup rickettsf ae. More
important from a practical point of view is the influence of strain variations on
diagnostic tests and on the problem of i mmunoprophy laxis. If anti genic drift can
be established and it s impact on immunity can be established , then we would have
powerfu l tools at hand for predicting vaccine requirements in different geographic
reg io ns.

Personnel. These studies were made poss ible , not only by personnel
supported directly by this contract (A.D. Waddel l , M.R. Jones and H. Toulson), but
also by Un i versity-supported personnel (M.L. Cremer) and by persons on WHO fellow-
ships (Dr. Edlin ger , Pasteur Institute , Paris) and on sabbatic al leave (lone) and
Irm a Steima n , Israel Institute of Biolog ical Research , Tel Aviv , Israel ).
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